Abstract: For the first time, we propose and experimentally demonstrate millimeter-wave (mm-wave) generation in the E-band (71-76 GHz and 81-86 GHz) based on photonics generation technique. We also experimentally demonstrate a bidirectional full-duplex optical/wireless integration system in the E-band with 1.5-m wireless delivery, in which 2-and 2.5-Gb/s on_off keying (OOK) signals are independently carried by 74-and 84-GHz mm-wave carriers and can be implemented error-free transmission in two opposite directions at the same time. Furthermore, there is no obvious difference whether distributed feedback (DFB) laser (with linewidth less than 5 MHz) or external cavity laser (ECL) (with linewidth less than 100 kHz) is used.
Introduction
The limited available bandwidth and severe congestion in current microwave wireless systems have created a bottleneck for future broadband wireless access and backhaul systems. In order to solve the problem, worldwide regulation bodies have opened up frequency windows in the millimeter-wave (mm-wave) region for wireless communications, including the 57-to 64-GHz band for license-free and 71-to 76-GHz and 81-to 86-GHz bands for license-light broadband wireless services. These mm-wave frequency bands have been intensively investigated due to their advantages of larger bandwidth, reduced interference, increased isolation, and improved security [1] - [3] . Particularly, the 71-to 76-GHz and 81-to 86-GHz allocations, widely known as E-band, allow up to 5-GHz full-duplex transmission bandwidth, which is enough to transmit multigigabit mobile data even with the simplest modulation schemes such as on_off keying (OOK) modulation. Many electro-optic devices and wireless links in the E-band have been studied and developed in research community [4] - [6] . Meanwhile, the mm-wave optical/wireless integration technique, which can realize the seamless integration of wireless and high-speed fiber-optic networks while preserving transparency to bit rates and modulation formats, is considered one of the best candidates for distributing mm-wave signals to the remote base stations (BSs) [7] - [9] . As a result, it is a good research topic to investigate the E-band mm-wave generation and transmission based on optical/wireless integration system.
In this paper, for the first time, we propose and experimentally demonstrate mm-wave generation in the E-band based on photonics generation technique. We also experimentally demonstrate a bidirectional full-duplex optical/wireless integration system in the E-band with 1.5-m wireless delivery, in which 2-and 2.5-Gb/s error-free OOK signals are independently carried by 74-and 84-GHz mm-wave carriers and transmitted in two opposite directions at the same time. Furthermore, there is no obvious difference whether distributed feedback (DFB) laser (with linewidth less than 5 MHz) or external cavity laser (ECL) (with linewidth less than 100 kHz) is used. Fig. 1 shows the principle for the bidirectional full-duplex optical/wireless integration system in the E-band, independently carrying two Gigabit Ethernet signals by 74-GHz mm-wave carrier for one direction (marked as direction 1) and 84-GHz for the other opposite direction (marked as direction 2) at the same time.
Principle for Bidirectional Full-Duplex Optical/Wireless Integration System in the E-Band
For direction 1, the Gigabit Ethernet signal from Ethernet transport system, carried by optical 74-GHz mm-wave carrier, is first transmitted over fiber, then directly detected by a high-speed photo detector (PD) and upconverted into the E-band electrical signal centered at 74 GHz at BS 1. After being amplified by an mm-wave electrical amplifier (EA), the 74-GHz E-band electrical signal passes through diplexer 1 connected with a horn antenna (HA). After wireless delivery, the 74-GHz E-band electrical signal is received by a HA at BS 2. After passing through diplexer 2 and another mm-wave EA (which is the same to the first mm-wave EA), the received 74-GHz E-band signal is electrically downconverted into the baseband by power detector 1 and then directly modulated by a laser. The generated optical baseband signal is transmitted over fiber into the second Gigabit Ethernet transport system. The operation of direction 2 is very similar to that of direction 1 except that the mm-wave frequency is 84 GHz. The operating frequency range of the two mm-wave EAs for direction 2 are also different from that for direction 2, due to the different mm-wave frequencies for two directions.
Experimental Setup and
Results for E-Band Optical/Wireless System Without Wireless Delivery Fig. 2 shows the experimental setup for the bidirectional full-duplex optical/wireless integration system in the E-band without wireless delivery, independently carrying two 1 $ 2.5-Gb/s OOK signals by 74-GHz mm-wave carrier for direction 1 and 84-GHz for direction 2 at the same time.
For direction 1, at the optical baseband transmitter, there are two free-running ECLs with linewidth less than 100 kHz and maximal output power of 13 dBm. The continuous-wavelength (CW) lightwave at 1530.384 nm from ECL1 is modulated by intensity modulator (IM). IM is driven by a 1 $ 2.5-Gb/s electrical OOK signal with a pseudorandom binary sequence (PRBS) length of 2 31 À 1, which is generated from pattern pulse generator (PPG) and power-amplified by broadband EA. The generated 1 $ 2.5-Gb/s optical OOK baseband signal is power-amplified by erbium-doped fiber amplifier (EDFA) and then, by polarization-maintaining optical coupler (PM-OC), combined with the CW lightwave at 1530.964 nm from ECL2. ECL2 is used as the carrier-frequency generating source. PM-OC also keeps the polarization direction of ECL2 identical to ECL1. The frequency spacing between ECL1 and ECL2 is set at 74 GHz in order to generate the desired 74-GHz mm-wave carrier frequency. The combined optical signals are directly detected by a 100-GHz PD (u2t XPDV4120R) with 3-dB bandwidth of 75 GHz and upconverted into the E-band signal centered at 74 GHz. After amplified by a bandpass low-noise amplifier (LNA) with operating frequency range of 50 $ 80 GHz, the E-band signal carried by 74-GHz mm-wave carrier passes through diplexer 1 and diplexer 2 connected with a waveguide. The bandpass LNA is manufactured by Sagemillimeter and has 5-dB noise factor and 30-dB gain. Two diplexers are identical, with 50-dB isolation, as well as operating frequency and bandwidth of 74 GHzþ=À2.5 GHz and 84 GHzþ=À2.5 GHz. Next, the E-band signal is electrically downconverted into the baseband by power detector 1 with 3-dB bandwidth of 15 GHz and then amplified by broadband EA. The analog-to-digital conversion and data capture are recorded in a high-speed sampling oscilloscope (OSC). The operation of direction 2 is very similar to that of direction 1 except that the two CW lightwaves at 1549.1 nm from ECL3 and at 1549.7 nm from ECL4 have 84-GHz frequency spacing. The bandpass LNA after 100-GHz PD for direction 2 has an operating frequency range of 75 $ 90 GHz. Inset (a) shows the back-to-back (BTB) eye diagrams after electrical downconversion and blue eye diagram for direction 1 and green for direction 2. The corresponding bit rate is 2.5 Gb/s. BTB denotes no fiber transmission. The noise or amplitude fluctuation in the blue eye diagram degrades the signal quality, and thus, the signal for direction 1 has worse bit error ratio (BER). It is because the power detector does not work very well at 74 GHz, which worsens the signal after envelope detection. Inset (b) gives the photos of diplexer 1 and diplexer 2 connected with a waveguide. It's worth noting that the PM-OC, which is used to combine the optical baseband signal and the optical carrier, is made of polarization-maintaining fiber spans. The length of these polarization-maintaining fiber spans changes with temperature, which will cause the phase change of the generated mm-wave signal. The temperature, in which our experiment was carried out, was variable, and therefore, the phase of the generated mm-wave signal was unstable. However, the unstable mm-wave signal did not affect our experimental results because a power detector was used to implement the envelope detection of the signal. On the other hand, the frequency stability of the generated mm-wave signal is determined by the stability of the ECL. In our experiment, the frequency drift of the ECL is smaller than 10 MHz, so the frequency drift of the generated mm-wave signal is smaller than 20 MHz. Fig. 3(a) shows the optical spectrum (0.02-nm resolution) after PM-OC for direction 1 corresponding to point a in Fig. 2 and Fig. 3(b) for direction 2 corresponding to point c in Fig. 2 . Fig. 2 . Experimental setup for the bidirectional full-duplex optical/wireless integration system in the E-band without wireless delivery. Inset (a) shows the BTB eye diagrams after electrical down conversion. Inset (b) gives the photos of diplexer 1 and diplexer 2 connected with a waveguide. ECL: external cavity laser, IM: intensity modulator, EDFA: erbium-doped fiber amplifier, PM-OC: polarization-maintaining optical coupler, PD: photo detector, LNA: low-noise amplifier, pow. det.: power detector, WG: waveguide, EA: electrical amplifier.
The power of the optical baseband signal is equal to that of the optical carrier. Fig. 4(a) shows the electrical spectrum (1-MHz resolution) before power detector for direction 1 corresponding to point b in Fig. 2 and Fig. 4(b) for direction 2 corresponding to point d in Fig. 2 . For both Figs. 3 and 4 , the corresponding bit rate is 2.5 Gb/s. It's worth noting that, in our experiment, the accurate mm-wave carrier frequencies for directions 1 and 2 are 73.8 and 84.3 GHz, respectively. Fig. 5(a) shows the optical spectrum (0.02-nm resolution) after PM-OC for direction 1 when the optical signal and carrier have 3.5-dB power difference, while Fig. 5(b) shows the electrical spectrum (1-MHz resolution) after power detector and before BER measurement. The corresponding bit rate is 2.5 Gb/s. Fig. 6(a) gives the measured BTB BER versus the optical power launched into the 100-GHz PD for the 2.5-and 1-Gb/s signal carried by 73.8-GHz mm-wave carrier without wireless delivery. For the same 2.5-Gb/s bit rate, after the optical input power reaches the cross point (about 0.7 dBm), the BER performance is better when the optical signal and carrier have the same power. The reason is that too large CW power or signal power will saturate the 100-GHz PD. As we know, the current from the 100-GHz PD is determined by the product of the CW power and the signal power. If the product is fixed, the current from the 100-GHz PD should be constant. However, if the signal power is too small, the CW power will have to be very large. Large CW power will saturate the 100-GHz PD, which leads to worse BER performance. On the other hand, when the optical input power is less than 0.7 dBm, for the case of the unequal power, maybe the signal power or the CW power is larger, but it is not large enough to saturate the 100-GHz PD, and therefore, the opposite conclusion is obtained. We can also see that there exists another cross point at the optical input power of about 1.2 dBm between the 2.5-Gb/s and 1-Gb/s unequal curves. It is because, when the optical input power is too small, the generated photocurrent is so small that the output from the following mm-wave EA is mainly the thermal noise. Thus, the influence of the signal rate on the BER performance decreases, and a cross point appears. Fig. 6(b) gives the measured BTB BER versus the optical power launched into the 100-GHz PD for the 2.5-and 1-Gb/s signal carried by 84.3-GHz mm-wave carrier without wireless delivery. The optical signal and carrier have the same power. From Fig. 6(a) and (b) , it can be seen that, in the case of no wireless delivery, two OOK signals, which are independently carried by 73.8-and 84.3-GHz mm-wave carriers, can be implemented error-free transmission in two opposite directions at the same time with the bit rate both up to 2.5 Gb/s.
Results for E-Band Optical/Wireless System With 1.5-m Wireless Delivery Fig. 7 shows the experimental setup for the bidirectional full-duplex optical/wireless integration system in the E-band with 1.5-m wireless delivery, independently carrying two 1 $ 2.5-Gb/s OOK signals by 74-GHz mm-wave carrier for direction 1 and 84 GHz for direction 2 at the same time. There are mainly two differences from the experiment setup introduced in Section 3. First, two HAs each with 25-dBi gain are independently connected into diplexer 1 and diplexer 2 and have a 1.5-m wireless distance. The electrical power launched at each HA is 11 dBm. Secondly, two bandwidthlimited narrow-band LNAs are independently added between diplexer 1 and power detector 2, as well as diplexer 2 and power detector 1. The former has an operating frequency range of 75 $ 90 GHz, while the latter has 50 $ 80 GHz. The two LNAs are also manufactured by Sagemillimeter and have 5-dB noise factor and 30-dB gain. The adoption of the two LNAs can improve the receiver sensitivity. Inset (a) shows the eye diagrams after electrical down conversion with 1.5-m wireless delivery and blue eye diagram for direction 1 and green for direction 2. The corresponding bit rate is 2.5 Gb/s. Inset (b) gives the photos of diplexer 1 and diplexer 2 each connected with a HA. Inset (c) and (d) give the photos of mm-wave bidirectional full-duplex delivery in the E-band with 0.5-and 1.5-m wireless distances, respectively. Fig. 8(a) gives the measured BTB BER versus the optical power launched into the 100-GHz PD for the 2.5-and 2-Gb/s signals carried by 73.8-GHz mm-wave carrier after 1.5-m wireless delivery. The optical signal and carrier have the same power. There is an error floor at 1 Â 10 À4 for 2.5-Gb/s bit rate and no error-floor at 1 Â 10 À10 for 2-Gb/s bit rate. Fig. 8(b) gives the measured BTB BER versus the optical power launched into the 100-GHz PD for the 2.5-and 2-Gb/s signals carried by 84.3-GHz mm-wave carrier after 1.5-m wireless delivery. The optical signal and carrier have the same power. There is no error floor at 1 Â 10 À10 for 2.5-Gb/s bit rate. We can also see from Fig. 8 that the signal carried by 73.8-GHz mm-wave carrier has worse BER performance than that carried by 84.3-GHz mm-wave carrier, especially for the 2.5-Gb/s bit rate. It is because, as we have mentioned in Section 3, the power detector does not work very well at 74 GHz, which worsens the signal after envelope detection. Fig. 9 gives the measured BTB BER versus the optical power launched into the 100-GHz PD for the 2-Gb/s signal carried by 73.8-GHz wireless carrier after 1.5-m wireless delivery. The optical signal and carrier have the same power. There is no obvious difference whether DFB laser (with linewidth less than 5 MHz and output power of 13 dBm) or ECL is used. 
Conclusion
For the first time, we have proposed and experimentally demonstrated mm-wave generation in the E-band based on photonics generation technique. We have also experimentally demonstrated a bidirectional full-duplex optical/wireless integration system in the E-band with 1.5-m wireless delivery, in which 2-and 2.5-Gb/s error-free OOK signals are independently carried by 74-and 84-GHz mm-wave carriers and transmitted in two opposite directions at the same time. Furthermore, there is no obvious difference whether DFB laser (with linewidth less than 5 MHz) or ECL (with linewidth less than 100 kHz) is used.
